Pathogenic host-microbe interactions can result from continuous evolution of a host's ability to resist infection and a pathogen's ability to survive and replicate. Pseudomonas aeruginosa is a versatile and opportunistic pathogen, ubiquitous in the environment, and capable of damaging plants, vertebrates, and invertebrates. Previous studies in nematodes suggest that the pathogenic effects of P. aeruginosa can result from multiple distinct pathways: a toxin-based effect that kills within a few hours and a generalized virulence that kills over the course of multiple days.
INTRODUCTION
Pathogenic host-microbe interactions can be likened to an ongoing battle, a continuous evolution between the host's ability to restrict infecting microbes and the pathogen's ability to survive and replicate. If an important long-term goal of health research is to sway the battle in favor of hosts, then it is fundamentally important to understand the genetic mechanisms underlying this exchange. As a model system, C. elegans is uniquely tractable for the wholeorganism study of pathogen interactions. In addition to being a bacteriovore, it is susceptible to many of the same pathogens that sicken and kill mammals and humans (O'Callaghan & Vergunst, 2010; Irazoqui, et al., 2010; Feinbaum, et al., 2012; Arvanitis, Glavis-Bloom, & Mylonakis, 2013) . Additionally, these worms have interacted with and adapted to bacteria for greater than 600 million years (Irazoqui, et al., 2010) . However, the hermaphroditic mating system of C. elegans has resulted in greatly reduced genetic and phenotypic diversity (Andersen, et al., 2012; Phillips, 2012; Teotónio, 2017) . This is of particular note because most previous studies examining the genetic basis of pathogen response in nematodes have been conducted using C. elegans, with a common conclusion being that the amount of genetic diversity limits evolutionary diversification and the resultant functional bioactivity (Barriére & Félix, 2005; Schulenburg & Boehnisch, 2008) . Further, it has been shown that coevolution of a host organism with pathogenic bacteria drives self-fertilizing populations to extinction while selecting for increased outcrossing in mixed mating populations (Morran, et al., 2011; Slowinski, et al., 2016) .
Presumably this arises out of a selection-imposed necessity for allelic and phenotypic variation.
Phenotypic variation induced via mutagenic agents has provided many valuable models of host-pathogen interactions and disease mechanics (C. elegans deletion mutant consortium, 2012; Boulin & Hobert, 2013) . This blunt force approach, however, frequently identifies only the most severe mutations, dominated by those which completely abrogate or grossly impair gene function (Albertson, et al., 2009) . This is in stark contrast to the typical trajectory of novel mutations in natural populations where natural selection and genetic drift lead to an accumulation of mutations with small to moderate effects (Rockman, 2012; Noble, et al., 2017; Teotónio, et al., 2017) . Models utilizing natural variation in genetic pathways can reveal physiological mechanisms that modify pathogen interactions and disease which would likely be missed using a mutagenesis approach and evolution itself can be used to select for alleles conferring a desired phenotype (Kammenga, et al., 2008; Teotónio et al., 2017; Gao, et al., 2018; Hahnel, et al., 2018) .
To capitalize on natural variation, we have created a new model system using Caenorhabditis remanei as host and Pseudomonas aeruginosa as pathogen. C. remanei is a nematode bacteriovore akin to C. elegans. Like C. elegans it is easily maintained and manipulated in lab environments, is transparent so that phenotypes can be easily scored, survives indefinitely when frozen, and has a short generation time that readily facilitates multigenerational examination of evolutionary genetic responses to controlled environments.
Additionally, it possesses tractable genetic architecture (Fierst, et al., 2015) . In contrast to C. elegans, however, C. remanei is an obligately outcrossing species. The mode and tempo of its population demography is distinct from that of hermaphroditic nematode species, and the resulting amount of genetic diversity present in natural populations is extraordinarily high relative to C. elegans (Graustein, et al., 2002; Jovelin, Ajie, & Phillips, 2003; Cutter, Baird, & Charlesworth, 2006) .
Pseudomonas aeruginosa is a highly virulent and opportunistic mammalian pathogen that is also damaging to plants and invertebrates such as C. remanei. It is a frequent cause of death for individuals with cystic fibrosis, severe burns, and other forms of compromised immunity . Pseudomonas aeruginosa is ubiquitous in soil but possesses a highly variable metabolism enabling it to survive in a wide variety of environments and to produce environment-specific virulence factors Kirienko, et al., 2014) . Presumably, the shared ecology between P. aeruginosa and C.
remanei has led to historical host-microbe encounters between these organisms resulting in the presence of natural genetic variation at a relevant scale.
In the lab environment, P. aeruginosa can kill C. elegans in either a slow infectious process or by a toxin-mediated mechanism depending on the strain and culture conditions . Infectious conditions require P. aeruginosa to be grown on relatively low osmolarity nematode growth medium (NGM) and have a slower rate of death, whereas the toxin mode of pathogenesis requires a high osmolarity medium and has faster death kinetics. Observations indicate that on infection inducing media bacteria begin accumulating in the intestine of C. elegans approximately 36 hours after feeding begins . Worms removed from infectious P. aeruginosa within 12 hours of exposure or placed on heat-killed bacteria with low osmolarity media do not appear to exhibit any reduction in fitness . Under high osmolarity conditions, P. aeruginosa produces diffusible toxins and killing does not require contact with live bacteria .
More recently, toxin-based killing has been shown to be mediated by production of phenazine-1carboxylic-acid (PCA) in a pH dependent manner (Cezairliyan, et al., 2013) . PCA is produced by all pseudomonads capable of making phenazines and promotes the formation of biofilms by increasing the amount of available ferrous [Fe(II)] iron .
The existence of different modes of pathogenesis with different kinetics, each requiring a unique environment, suggests that P. aeruginosa may have evolved multiple strategies for host infection as a response to host defenses. This may indicate that host defense mechanisms respond to pathogen damage signatures rather than recognition of the microbe itself. If a microbeassociated molecular pattern underlies the host evolutionary response, then populations historically interacting with a pathogen in a specific environment would also display resistance across novel environments. However, if damage-associated patterns activate host defenses then host-pathogen interactions in novel environments will lack cross-resistance and be independent when modes of pathogen damage are environment specific. To assess the evolutionary response of a natural population of C. remanei to P. aeruginosa, a 40-generation adaptation study under infectious and toxin-based pathogenesis conditions, as well as their combination, was performed.
The results from this work show that at least some of the components of these response pathways are independent from one another, suggesting recognition of damage patterns participates in initiating the immune response in C. remanei, and that experimental evolution can be a powerful tool for exploring the genetic basis of pathogen resistance within natural populations.
RESULTS
P. aeruginosa is pathogenic to C. remanei. When exposed to P. aeruginosa PA14 under infectious conditions, C. remanei recently collected from nature showed no obvious symptoms or increased mortality after 24 hours of exposure. Continued exposure results in a gradual cessation of pharyngeal pumping and loss of mobility followed by a significant increase in mortality by day 3 (Figure 1 ). Differences between PA14 and the standard bacterial strain used as a reference control (E. coli OP50) are most pronounced after 5 days, with only half of the population exposed to P. aeruginosa remaining at that time ( Figure 1 ). For simplicity, further tests of infection-induced mortality focus on this 5-day time point.
C. remanei populations are unable to persist for any significant length of time when continuously exposed to P. aeruginosa that have been induced to produce the diffusible toxin, showing obvious signs of stress within 4 hours, with approximately 70% of the population dying within 1 day of exposure ( Figure 1 ). Based on these responses, subsequent assessment of toxinkilling resistance consisted of an initial four-hour exposure to the toxin-producing environment, followed by an assessment of individual viability 24 hours after transfer to control conditions. Resistance to P. aeruginosa is an evolvable trait. After 40 generations of experimental evolution in either infectious or diffusible toxin environments, the resulting C. remanei populations respectively showed 16% and 48% increases in resistance to P. aeruginosa relative to the ancestral population ( Figure 2A ; infection, 1 2 = 13.5, p = 0.0002; toxin, 1 2 = 373.1, p < 0.0001). As there were no significant differences among replicates (infection, 1 2 = 1.782, p = 0.1820; toxin, 1 2 = 1.195, p = 0.2743), data was pooled across replicates for all subsequent analyses (see Supplemental Table 1 for replicate specific information).
Resistance evolved in one environment does not necessarily confer resistance to
another. It is possible that adaptation within a fixed pathogenesis regime could lead to a correlated increase in resistance in the other regime via shared responses, a negative correlated response due to tradeoffs in modes of resistance to each environment, or independent evolution to each mode with no correlated effects across environments. To distinguish among these possibilities, we tested resistance of populations evolved under one selection regime to the pathogenic effect found in the other regime. We find that individuals evolutionarily adapted to the toxin-producing environment do not display any increase in survival when placed on infection media ( Figure 2B , 1 2 = 0.9, p = 0.3317). In stark contrast, survival in toxin-producing conditions increased significantly for the populations adapted to infection ( Figure 2B , 1 2 = 194.03, p < 0.0001), although this increase is still somewhat lower than that observed for the toxin-evolved population ( 1 2 = 67.059, p < 0.0001). Thus, we find asymmetry in the correlated responses with both negative and positive correlations being displayed, depending on the selection environment.
Evolution under alternating infectious and toxin-producing environments. To further test whether adaptation to one mode of pathogenesis generates a tradeoff in the other, we specifically moved populations between the infection and toxin regimes over the course of 40 generations of adaptation. Similar to the lines evolved with exposure to the toxin environment only, lines evolved under an alternating exposure to infection and toxin display no significant increase in resistance to the infectious environment ( Figure 2C , 1 2 = 0.4, p = 0.5464). However, in the toxin-producing environment, these alternatingly evolved populations have a significant increase in resistance compared to the ancestor ( Figure 2C , 1 2 = 52.7, p < 0.0001), although the degree of resistance is lower than all other experimentally evolved populations (Supplemental Figure 1 ).
Resistance is also a byproduct of adaptation to the laboratory. Although infection evolved populations survive toxin-mediated killing significantly better than ancestral individuals ( Figure 2B) , their resistance to the toxin-producing environment is not substantially different from lab adapted controls simply raised on E. coli (OP50) ( 2 2 = 3.785, p = 0.1507;
Supplemental Figure 2 ). This indicates that a portion of the mechanism underlying resistance to the toxin phenazine-1-carboxylic acid arises from exposure to standard lab conditions and is independent of interaction with both P. aeruginosa and the osmolarity of the media. Importantly, controls evolved under high-osmolarity conditions but with the standard lab food OP50 in place of PA14, do not significantly differ in toxin or infection resistance from controls evolved under standard low-osmolarity lab conditions (Figure 3 , 1 2 = 0.2, p = 0.6854, and 1 2 = 0.085, p=0.77, respectively). Although adaptation to standard laboratory conditions appears to benefit resistance to the toxin, it appears to have a mildly negative influence on resistance to the infectious environment ( Figure 3 , 2 2 = 187.787, p < 0.0001, and 2 2 = 4.553, p = 0.10, respectively).
DISCUSSION
Contrasting kinetics of pathogenicity in the ancestral C. remanei population. In infectious and toxin-mediated killing assays conducted using C. elegans, consumption of live bacteria is required for eventual death caused by infection via proliferation of alive cells. In contrast, P. aeruginosa grown on PGS media produce phenazine-1-carboxylic acid, a diffusible toxin that leads to mortality in a much shorter timeframe Cezairliyan, et al., 2013) . The kinetics of pathogenicity in C. remanei appears to be highly like the kinetics seen previously in C. elegans, where mortality can also be generated via two distinct mechanisms ( Figure 1 ). In the infectious environment, exposure of C. remanei to P. aeruginosa for a minimum of 24 hours is required for pathogenesis to manifest itself, with significant mortality at 72 hours of continuous exposure. Under the toxin-producing conditions, only four hours of exposure achieves 70% mortality at the 24-hour time point (Figure 1 ).
Studies of P. aeruginosa mutants with attenuated killing abilities in C. elegans has shown that many of the bacterial genes underlying pathogenicity on the low-or high-osmolarity media are specific to that environment, primarily producing phenazines in a relatively narrow and largely non-overlapping range of conditions Cezairliyan, et al., 2013) . Pathogenicity in the infectious and toxin-mediated environments clearly arises from distinctly different genetic and biochemical mechanisms. This suggests the possibility there are different modes of pathogenicity from the pathogen's perspective and distinct genetic mechanisms underlying the response to these forms of pathogenicity from the host's perspective. However, it is also possible that the basis of resistance is not specific to the environment or to toxins produced by P. aeruginosa but is instead the manifestation of a more generalized host response.
If the genetic mechanism underlying resistance consisted of a single stress response activated in both environments, the expected outcome would be for a strongly correlated and reciprocal resistant phenotype in the populations evolved in P. aeruginosa conditions. As shown here, evolution in the toxin environment did not confer any reciprocal increase in resistance to the infectious environment ( Figure 2B ). On the other hand, populations evolved under infection do show an increase in resistance to the toxin when compared to the ancestral population albeit to a lesser degree than the population directly selected for resistance to the toxin ( Figure 2B ; 1 2 = 67.059, p < 0.0001).
At first glance this appears to suggest that evolution in infectious conditions does offer some protection against the toxin. However, both control populations, when evolved in a similar manner but with the OP50 strain of E. coli replacing P. aeruginosa, evolved the same level of resistance to the toxin as the long-term infection populations ( 2 2 = 3.785, p = 0.15;
Supplemental Figure 1 ). This suggests that the increase in toxin resistance displayed by the infection evolved population is the result of adaptation to an effect that is not dependent on the presence of P. aeruginosa. Because all the evolved lines (but not the ancestor) showed increased toxin resistance, it seems likely that resistance to the toxin is a byproduct of general laboratory adaptation, potentially via chronic exposure to E. coli, which is a component of the propagation of every line except the population exposed to the alternating P. aeruginosa environments. This is consistent with evidence that the OP50 strain of E. coli is mildly pathogenic to C. elegans (So, et al., 2011) . Like P. aeruginosa, OP50 is a gram-negative bacterium and thereby they have many genetic features in common, some of which have been shown to attenuate toxin-mediated virulence in P. aeruginosa mutants . For example, a bacterial gene, MdoH, identified to be important for full toxin pathogenicity by P. aeruginosa is also present in OP50 . On the other hand, the P. aeruginosa toxin produced in response to high osmolarity in this study, phenazine-1-carboxylic-acid (PCA) (Cezairliyan, et al., 2013) , is not produced by OP50. This suggests that killing by PCA is a multifactorial process and that some of the sub-lethal pathogenic properties of P. aeruginosa may be shared with OP50. Consistent with this, the genes thought to be responsible for the presumed primary toxic compounds produced by P. aeruginosa in the infectious environmentphenazines (and in particular the phenazine pyocyanin) -are generally not present in the genus Escherichia and therefore are not found in OP50 (Pierson & Pierson, 2010; Williams, et al., 2010) . Importantly, this generalized resistance to the toxin is not dependent on some important features of environment, such as osmolarity per se, although an exhaustive exploration of underlying causation here warrants further exploration. Unlike the resistance to toxin, the evolution of resistance to chronic infection was a much more specific response. Independent action of virulence factors is the best way to account for the lack of any correlated increase in infection resistance from other environments. Taken together these data suggest the genetic pathways underlying resistance to infection and toxin-mediated killing by P. aeruginosa are largely independent of one another with an overlap in resistance to the toxin-producing environment mediated by adaptation to the laboratory environment, most likely via OP50.
An additional perspective on the evolutionary independence of the genetic pathways for infection resistance and toxin resistance comes from examination of the population evolved under alternating infectious and toxin conditions. The alternating populations display no significant increase in resistance to infection but, despite having no exposure to OP50 during the period of experimental evolution, do have an increased resistance to the toxin environment relative to the ancestral population ( Figure 2C , 1 2 = 52.729, p < 0.0001). However, the level of resistance is significantly lower than the degree displayed by the populations evolved under infectious or control conditions ( 3 2 = 84.639, p < 0.0001; Supplemental Figure 1 ). Lack of evolution of resistance to infection is suggestive of an evolutionary antagonistic interaction between the infection and toxin resistance pathways. Additionally, evidence from assays in C.
elegans demonstrates that the transcription of antibacterial immune effectors is selectively repressed during infection with the fungal pathogen Candida albicans and that production of an antimicrobial peptide required for defense against fungal pathogens during infection by a bacterial pathogen increases susceptibility (Pukkila-Worley, Mylonakis, & Ausubel, 2011; Engelmann, et al., 2011; Marsh, et al., 2011) . This suggests that the worms are capable of distinguishing between pathogen damage types and coordinating responses among independent and antagonistic genetic pathways, but this interpretation is complicated by differences in the intensity of selection across the alternating environments (Pukkila-Worley, 2016). Because mortality was at 70% within 24 hours in the toxin-producing environment, non-resistant individuals exposed as L4s were likely to die before producing offspring whereas mortality in the infection environment reaches 50% around day 5, giving individuals exposed as L4 larvae ample time to produce offspring. The greater response to resistance to toxin could therefore in part be generated by greater intensity of selection in this environment, but only an antagonistic relationship can explain the lack of response to resistance to infection. Independent and asymmetric responses to selection for resistance to pathogens is consistent with asymmetric responses to selection for resistance to heat and oxidation stress within these same populations (Sikkink, et al., 2015) .
This study suggests that C. remanei responds to virulence mechanisms of P. aeruginosa by at least two distinct genetic pathways. These two independent pathways are likely initiated in response to environment-specific factors through as-yet unknown interfaces. These pathways appear to interact in a somewhat antagonistic fashion. In the context of host-pathogen interactions and bacteriovore feeding systems, this may reflect strategies evolved by the host to balance energy investment in antimicrobial defenses while addressing the capabilities of pathogenic bacteria to evade detection and predation. It does, however, suggest that there may be some constraint on the evolution of generalized resistance phenotypes, at least in the short term.
MATERIALS AND METHODS
Bacterial Strains, Growth Conditions, and Media. The P. aeruginosa strain PA14 (Rahme, et al., 1995) and the E. coli strain OP50 were used. Strains were grown at 37°C in King's broth (KB) (King, et al., 1954) or Luria-Bertani broth (LB) (Miller, 1972) , respectively.
PA14 was cultured on nematode growth medium lite (NGM lite) (US Biological catalog #N1005) for infection assays or peptone-glucose-sorbitol (PGS) media (1% Bacto-Peptone, 1% NaCl, 1% glucose, 1.7% Bacto-Agar, 0.15 M sorbitol) for toxin assays . OP50 cultured on NGM lite was used for a low-osmolarity control and OP50 cultured on PGS was used for a high-osmolarity control.
Nematode Strains. All C. remanei strains were maintained by standard culturing conditions on NGM lite agar with E. coli OP50 or P. aeruginosa PA14 as a food source at 20°C (Stiernagle, 1999) . The strain used in this work was PX443, a derivative of 39 natural isolates collected from wood lice found in the same tract of forest detritus in the Koffler Scientific
Reserve at Jokers Hill, King Township, Ontario. The isolates were intercrossed in a scheme designed to equalize the genomic contribution from each strain to generate PX443 (as described in Sikkink, et al., 2015) .
Bacterial Virulence Survival Assays. Both the toxin and infection assays were based on protocols described in Mahajan-Miklos et al. (1999) . were grown on NGM lite plates with PA14 as the only food source for 40 generations. This population was also exposed to PA14 on PGS solid media for 4 hours every other generation upon reaching the L4 stage of development. A subset of the population was frozen every fifth generation for later analysis.
Statistical Analysis. Infection survival was calculated as the proportion of individuals surviving after five days of exposure. Individuals who had left the plates were removed from the analysis. Survival in the presence of toxin was calculated as the proportion of individuals surviving after 24 hours following removal from the toxin-producing environment. Survivorship was normalized to the number of individuals 24 hours after transfer from control (OP50) plates.
Specific hypotheses were tested via categorical data analysis of weighted survival frequencies using JMP Pro10. Differences among groups was tested using the chi-square resulting from the appropriate likelihood-ratio test. .5, p = 0.0002; toxin evolved, 1 2 = 373.1, p < 0.0001. B) Reciprocal environments -infection evolved, 1 2 = 194.03, p < 0.0001; toxin evolved, 1 2 = 0.942, p = 0.3317. C) Alternating populationinfection assay, 1 2 = 0.4, p = 0.5464; toxin assay, 1 2 = 52.7, p < 0.0001. Figure 3 . Log fold survival relative to ancestor of lab-adapted (OP50) control lines (high osmolarity control (HO), infection assay, 1 2 = 4.029, p = 0.05, toxin assay, 1 2 = 176.885, p < 0.0001; low osmolarity control (LO), infection assay, 1 2 = 3.368, p = 0.07, toxin assay, 1 2 = 134.333, p < 0.0001).
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